The purpose of this brief review has been to provide more recent data regarding the production of phenolic compounds by secretory structures. Although morphology and histochemistry of glands are well documented, meagre information concerning phenolics is available in the surveyed literature. Two major groups of glands are found regarding phenolic compounds synthesis: 1. secretory cells producing mainly phenolics, 2. secretory cells producing phenolics coupled with other compounds. In the former group, phenolic compounds remain in mature organs, and prevail in the material produced by epidermis, hypodermis, idioblasts, and sheath encircling vascular bundles and ducts. The latter group is constituted of trichomes, cavities, ducts, laticifers, colleters, nuptial nectaries, osmophores and stigma system, which synthesize complex mixtures of terpenes, phenolic compounds, polysaccharides and other compounds. In vegetative organs, the secretion of these glands might provide chemical defence against damage by UV radiation, against pathogen activities, and play a role in the herbivory deterrence. Additional functions ascribed to phenolics produced by floral glands are associated with pollination, pollen germination and pollen-tube elongation.
A great variety of natural compounds, known as primary and secondary metabolites, are synthesized by highly specialized secretory cells [1] . In the light of recent knowledge, there is no sharp distinction between primary and secondary metabolism because they are interrelated and the division has been made based on biosynthetic pathways. Secretory structures (glands) are known to be the primary sites of metabolite biosynthesis and secretion of important natural products such as nectar, mucilage, protein, volatile oils, resin, phenolic compounds and latex [1] [2] [3] [4] [5] [6] [7] [8] .
The secretory cells occur singly (e.g. idioblasts) or in multicellular structures (epidermis, hypodermis, trichomes, emergences, cavities, ducts), and are regarded as secretory structures [1, 2, 9] . These glands might sometimes be classified according to the secreted substances, although the same structure can synthesize complex mixtures of various compounds, and the secretion (exudate) is chemically heterogeneous [8, [10] [11] [12] .
Phenolic compounds are plant secondary metabolites that contain a phenol group [one or more hydroxyl groups (-OH), on one or more aromatic benzene rings]. These substances constitute a heterogeneous group from a metabolic point of view: some are hydrophilic, some are lipophilic, and others are large insoluble polymers [13] . They can be classified according to the arrangement of carbon skeleton, as shown in Table 1 .
Plant phenolics are biosynthesized by several different routes and two basic pathways are involved: the shikimic acid pathway and the malonic acid pathway. The former participates in the biosynthesis of most plant phenolics, and the latter is of minor significance in seed plants. The shikimic acid pathway converts simple carbohydrate precursors derived from glycolysis and the pentose phosphate pathway to aromatic amino acids. One of the pathway intermediates is shikimic acid, which has given its name to this whole sequence of reactions. Accurate information about the shikimic acid pathway and phenylpropanoid metabolism is provided by special reviews [14] [15] [16] .
The purpose of the present review is to provide more recent data regarding the production of phenolic compounds by glands. Although morphology and histochemistry of secretory structures are well documented, meagre information concerning phenolics is available in the surveyed literature.
II. HISTOCHEMICAL PROCEDURES TO

LOCALIZE IN SITU PHENOLIC COMPOUNDS
Histochemical procedures are useful to localize in situ the main chemical classes of metabolites that are present in plant secretion. Fresh samples of plant organs might be fixed in formalin-ferrous sulfate solution for 48 hours; a dark-brown to black staining appears after treatment with this fixative [17] . Various chemical reagents and dyes are applied to localize phenolics, such as ferric chloride [18] , Fast Blue BB [18] , potassium dichromate [19] , vanillin/HCl [20] and 4-nitrosophenol/H 2 SO 4 [21] . Flavonoids are detected either by autofluorescence in fresh material or by induction of fluorescence with the fluorochromes [22, 23] . The conventional tests and fluorescence procedures are mentioned in Table 2 .
Histochemical tests might be coupled with biochemical analysis [gas chromatography and mass spectrometry (GC/MS), high-performance liquid chromatography (HPLC), high-performance thinlayer chromatography (HPTLC) and thin-layer chromatography] of either the glandular content or exudate elucidating the composition of the secreted substances [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . flavonoids Naturstoff reagent yellow to orange fluorescence [23] III. SECRETORY STRUCTURES (GLANDS)
SYNTHESIZING PHENOLIC COMPOUNDS
The various anatomical types of structures secreting phenolic compounds are presented in Table 3 . The functions ascribed to phenolics secreted by them will be summarized later in this review.
Secretory cells producing mainly phenolic compounds
Epidermis and hypodermis: Epidermis constitutes the covering of the primary plant body. Epidermal cells exhibit a compact arrangement, except at the stomatal apertures, and are in contact with the external environment of the plant. Matures leaves of Dalbergia miscolobium Benth. possess a secretory epidermis (Table 3) , and the phenolic compounds are localized in vacuoles [34] .
Below the leaf epidermis of some species of Crassulaceae and Fabaceae ( In both cases, the phenolic compounds remain in mature leaves as a continuous layer, which is interrupted only by stomatal complex regions. 
Sheath encircling vascular bundle and duct:
In seed plants, vascular bundles may be enclosed in one or more layers of compactly arranged cells forming the bundle sheath. In a few species (Table 3) , phenolic compounds are reported to occur in the bundle sheath cells. A distinct dense-staining material is seen inside the vacuole of the enclosing cells around the vascular bundles in leaves of Crassula multicava (Figures 1A,2A ) and Eucalyptus cinerea F.Müell. ex Benth. (Figures 1B,2B ).
In needles of conifers (Table 3) , the greatest accumulation of phenolics is often in cells surrounding resin ducts ( Figures 1C,2D ) and substomatal chambers. The vacuoles of these cells are filled with a dense phenolic material [29] . (Table 3 ) [35, 36] .
Idioblasts:
Some of these idioblasts are nearly isodiametric, as seen in Crassula multicava ( Figure 1A ) and Pinus elliottii ( Figure 1D ), and others are elongated, as observed in Cyperus papyrus ( Figure 1E ). The phenolic compounds are localized inside either one large central vacuole (Figures 2A,E -G) or inside numerous globules of various sizes in the cytoplasm (Figures 1D,2E ). In the gymnosperm leaves, secretory idioblasts are found in transfusion tissue.
Secretory cells producing phenolic compounds coupled with other compounds
Trichomes: Plant surfaces might be covered by a great variety of projections. Trichomes are epidermal appendages, which originate exclusively from protodermal cells. The trichomes vary in structure, form, number of cells, size, location, and function [1, 5, 9] Table 3 ). The aforementioned species bear different kinds of secretory trichomes on vegetative and/or reproductive organs, such as stems, leaves, bracts, sepals, petals and anthers ( Table 3 ). The secretion of these trichomes is a complex mixture of different chemical compounds such as terpenes, polysaccharides and phenolic compounds.
The main classes of phenolics found in the secreted material are phenols [10, 21, 27, 28, 31] , tannins [32] and flavonoids [10, 27, 28, 30, 32, [37] [38] [39] [40] [41] [42] [43] . Phenols, tannins and flavonoids are localized in the secretory (head) cells. In addition to these substances, flavonoid aglycones are detected in the secreted exudate of few species [10, 32, 37] .
Capitate trichomes of the Asteraceae often have a stalk of non-secretory cells and a multicellular secretory head. The secreted material accumulates in a large space formed by cuticular detachment, and is released by cuticular rupture [31, 32, 39, 42, 44] .
In the Lamiaceae, there are four main types of secretory trichomes: peltate, capitate, conoidal and digitiform (Table 3 ). Flavonoids and phenols may be found only in peltate trichomes [21, 27, 28] or in all the four kinds of secretory trichomes [10, 37] . Peltate trichomes consist of a basal epidermal cell, a very short stalk cell and a large round head of many secretory cells arranged in a single disc. Capitate trichomes possess one basal epidermal cell, a one-to several-celled stalk and a head of one or two secretory (head) cells. The secreted material of these two kinds of trichomes accumulates below the cuticle, and is discharged to the outside after cuticular rupture [10, 21, 27, 28, 37, 45] .
Conoidal trichomes are made up of four basal epidermal cells, a bicellular stalk and a long conical secretory cell. The secretion is exuded through a large apical pore. Digitiform trichomes have three to four cells of similar diameter. Therefore, there is no clear distinction between head and stalk. The secretion remains inside the apical secretory cell [10] .
In Lippia scaberrima, flavonoids are detected in head cells of small peltate and capitate trichomes [43] . Capitate trichomes secreting flavonoids are also reported in Cucurbita pepo var. styriaca, Orobanche ramosa subsp. nana and Phillyrea latifolia [30, 38, 40, 41] .
Cavities and ducts:
Internal secretory spaces are usually described as cavities (pockets) or as ducts (canals). These two kinds of structures possess a large intercellular space (lumen) lined by a compactly arranged epithelium of secretory cells (epithelial cells). Secretory cavities and ducts are identified according to the lumen shape and length. The cavities consist of an isodiametric lumen encircled by the epithelial cells. The ducts possess an elongated lumen enclosed by the epithelial cells. Terpenes, phenolic compounds, polysaccharides and other compounds may be found in the material synthesized by epithelial cells of cavities and ducts [1, 2] .
Cavities (pockets) secreting phenolic compounds occur in stem of Ginkgo biloba L. and in the leaves of Eucalyptus cinerea and Porophylum lanceolatum DC. (Table 3 ). Anacardic acid and cardanols are identified in the lumen content of the secretory pockets of Ginkgo biloba stem [25] . Phenolic compounds are detected in the epithelial cells and in the lumen content of the foliar cavities of Eucalyptus cinerea (Figures 1B,2C ) and Porophylum lanceolatum [11, 46] . Ducts (canals) producing phenolic compounds are found in vegetative and reproductive organs of Hypericum perforatum L. and Santolina ligustica (Table 3 ). Tannins are reported in the type A canals of root and stem, and also in the type B canals of sepals and petals of Hypericum perforatum [47] . Flavonoids are detected in the lumen content of the ducts of Santolina ligustica [39] .
Laticifers:
A laticifer is a specialized cell or a row of such cells containing latex. They form a complex secretory system, which is scattered through the ground tissue, and very often associated with the phloem of vegetative and reproductive organs. The distribution of laticifers within the plant body varies from one species to another. They may be found throughout the plant body or be restricted to certain tissues or organs. When the laticifer system is ruptured, latex flows to the site of damage immediately upon injury and plays a role in wound sealing [2, 7, [48] [49] [50] [51] [52] [53] [54] [55] .
In seed plants, laticifers occur in species belonging to ca. 39 unrelated families and thus seem to develop independently during evolution. They are present in the gymnosperm genus Gnetum and in some monocotyledons, such as Alliaceae, Araceae and Musaceae. In the dicotyledons, they may be widespread throughout the family, as in Apocynaceae, or restricted to some taxa, as in Asteraceae and Euphorbiaceae [2, 48, 49, [54] [55] [56] [57] .
The latex is the protoplast of the laticifer, which consists of a large central vacuole, lined by a thin parietal layer of cytoplasm [55] . In spite of the curiosity attracted by the conspicuous milky content of certain plants for many centuries [7] , white is not the only color of the latices. It varies in different plant species and in different parts of a single plant, and may be yellow, orange, red, greenish or colorless [2, 48, 58] .
The composition of the latex is quite variable. The latex-coagulate constituents can be divided into polyisoprene hydrocarbons (rubber or gutta percha), triterpenols and sterols, fatty acids and aromatic acids (esterified), carotenes, phospholipids, proteins and inorganic constituents [59] . Some specific metabolites are found in the latex of certain plants, such as starch and vitamin B 1 (Euphorbia), sugars (Asteraceae), tannins (Musa), alkaloids (Papaver, Vinca) and enzymes (Asclepias, Carica, Euphorbia, Ficus, Tabernaemontana) [2, 52, 59, 60] .
Phenolic compounds are also found in the latex of Blepharodon bicuspidatum Fourn., Camptotheca acuminata Decne, Fischeria stellata E.Fourn., Gonioanthela axillaris (Vell.) Fontella & E.A. Schwarz, Matelea denticulata (Vahl) Fontella & E.A. Schwarz, Oxypetalum banksii Roem. & Schult. and Sapium glandulatum (Table 3 ). The phenolic compounds are localized in the protoplast of Blepharodon bicuspidatum, Fischeria stellata, Gonioanthela axillaris, Matelea denticulata, Oxypetalum banksii and Sapium glandulatum ( Figures 1F-I,2H -K) [61] . Phenols are the prevalent compounds of the laticifer content of Camptotheca acuminata [54] .
Colleters:
Colleters are multicellular secretory structures that produce a sticky secretion composed of mucilage, lipophilic substances, or a mixture of both, with the main function of protecting and lubricating meristems [2, 6, [62] [63] [64] . The secreted material avoids meristem dehydration, inhibits fungal proliferation, and may immobilize small phytophagous insects [61] .
In dicotyledonous families, these glands are found on vegetative and reproductive organs, such as buds, leaves, bracts, bracteoles and sepals [6] . In Apocynaceae and Rubiaceae, the colleters usually are persistent, and retain their shape. They commonly consist of a central core of elongated parenchyma cells surrounded by a palisade-like secretory epidermis [6, 35, 61, [63] [64] [65] .
Colleters producing phenolic compounds, coupled with mucilage, are observed on leaves and sepals of Blepharodon bicuspidatum (Table 3 ). The phenolic compounds are detected inside secretory cells and in the exudate (Figures 1J,2L) . At the postsecretory phase, deeply stained globular bodies of a phenolic nature appear in the secretory and nonsecretory cells of Gonioanthela axillaris ( Figure 2M ). The colleters became shrunken and fall off after necrosis [61] .
Nuptial nectaries and osmophores:
Nectaries are multicellular structures occurring on vegetative and reproductive organs that secrete nectar. Nuptial nectaries are directly associated with pollination. There are two main types of nuptial nectaries: 1. nectariferous epidermis (palisade-like epidermal cells or trichomes) and nectariferous parenchyma produce the nectar, which is released by the epithelial cells; 2. nectariferous parenchyma produces the nectar, which is exuded through modified stomata. Both of them are supplied by rich vascularization [1, 4, 66] .
Sucrose, glucose, fructose, maltose, raffinose, galactose, melobiose, mucilage, amino acids, proteins, lipids, organic acids, vitamins, saponins, alkaloids, phenolics and mineral ions have been reported in nectar [1, 12] .
Phenolic compounds have been identified in the floral nectar of Aloe vryheidensis Groenewald, Elsholtzia rugulosa Hemsl., Persea americana Miller, and are localized in the nectariferous epidermis of Euphorbia milii Desmoul. cyathium (Table 3 ). Elsholtzia rugulosa produces nectar with high levels of phenolics, which may increase flower visitation by Apis cerana [67] . The nectar of Aloe vryheidensis is dark-brown and bitter-tasting, attracting birds that are effective pollinators of the species [68] . Phenolic compounds of the floral nectar of Persea americana may act in combination with sugar components stimulating visitation by A. cerana [69, 70] .
Nuptial nectaries producing phenolics are observed on mature cyathium of Euphorbia milii. In the palisade-like nectariferous epidermal cells, the phenolic compounds are detected inside numerous small globules in the protoplast (Figures 1K,2N) .
The floral scent is secreted by special glandsosmophores -which most commonly occur on the surface of the petals. There are two main types of osmophores: 1. papillate epidermis secretes the volatiles; 2. specialized parenchyma cells secrete the volatiles, which are released through modified stomata. Both of them are supplied by rich vascularization [1, 66] .
Fragrance results from complex mixtures of essential oil compounds that are produced by special scent gland tissues. The two largest groups are terpenoid and aliphatic compounds [8] . Benzenoids and phenylpropanoids have also been detected in floral scent mixtures [8, 33] . (Table 3) .
Phenol, m-cresol and p-cresol have been detected in the volatiles of Sauromatum guttatum [26] . In the floral volatiles of the ceropegiean species, the benzenoids represent the second largest class of volatiles in terms of number of compounds and their relative amounts (30.9%) [33] .
Stigma:
The angiosperm stigma is considered a secretory system, which receives the pollen grains and possesses the receptor sites for pollen recognition. From the anatomical point of view, there are two main types of stigma: 1. wet stigma synthesizes an abundant secretion rich in lipids, lipoproteins and mucilage, 2. dry stigma produces a thin proteinaceous hydrophilic pellicle. The wet stigma consists of a secretory epidermis (papillate cells or trichomes) and a spongy subepidermal tissue with large spaces filled with secretion [1, 66] .
Phenolic compounds are identified in the stigmatic exudate of Nicotiana tabacum L. (Table 3 ). The stigma of this species synthesizes a complex mixture of different chemical compounds, such as fatty acids, proteins and polysaccharides [24] .
IV. BIOLOGICAL SIGNIFICANCE OF PHENOLIC
COMPOUNDS PRODUCED BY GLANDS
Various essential functions have been ascribed to the different classes of phenolic compounds. Phenols provide chemical defence against pathogens, and possess remarkable antimicrobial activity. Tannins are deterrent to herbivores. A great diversity of animals avoids eating developing plant organs because they have very high tannin levels. The defensive properties of most tannins are due to their ability to bind proteins nonspecifically. Tannins can also inactivate herbivore digestive enzymes, and form complex aggregates of tannins and plant proteins, which are difficult to digest [13] .
Flavonoids accumulate in the vacuole of the epidermal and subepidermal layers of the vegetative organs and protect plants against damage by ultraviolet radiation (280-320 nm). Additional functions are thought to be those of antioxidants and allelopathic agents (phytoalexins) protecting plants against pathogens [71] .
Flavonoids found in flowers often form symmetric patterns -known as guides -that help insects to localize pollen, nectar and oil. Additional functions have been proposed as factors inducing pollen germination and pollen-tube elongation [71] .
V. CONCLUSIONS
Secretory
structures synthesizing phenolic compounds have been described in 51 species of seed plants. Two major groups of glands are surveyed regarding phenolic compounds synthesis: 1. secretory cells producing mainly phenolics, 2. secretory cells producing phenolics coupled with other compounds. In the former group, phenolic compounds remain in mature organs, and prevail in the material produced by epidermis, hypodermis, idioblasts, and sheath encircling vascular bundles and ducts. The latter group is constituted by trichomes, cavities, ducts, laticifers, colleters, nuptial nectaries, osmophores and the stigma system, which synthesize complex mixtures of terpenes, phenolic compounds, polysaccharides and other compounds.
Secretory trichomes, colleters, epidermis and hypodermis are confined to the surface, covering the primary plant body. Nuptial nectaries, osmophores and the stigma system are restricted to flowers and inflorescences. The other glands are usually scattered through the ground tissue of vegetative and reproductive organs. The secretion of all these glands might provide chemical defence against damage by UV radiation, against pathogen activities, and play a role in herbivory deterrence. Additional functions ascribed to phenolics produced by floral glands are associated with pollination, pollen germination and pollen-tube elongation.
